The authors report on the observation of electroluminescence ͑EL͒ in CuGaSe 2 solar cells using tapping-mode atomic force microscopy based on tuning-fork sensors. Individually injected current pulses are seen during intermittent contact driven by an external bias applied to the conducting tip. It follows that EL can be stimulated when the solar cell is forward biased during the contact cycle. Local L-V characteristics show evidence for EL, with a threshold voltage of 3.0-3.7 V. Mapping of the photon emission suggests that grain boundaries effectively isolate grain interiors, which behave as individual light-emitting diodes.
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Scanning probe microscopy ͑SPM͒ is becoming the instrument of choice in nanoscience characterization. In addition to providing excellent resolution and sensitivity, the tip-the central component of the microscope-represents de facto a nanoprobe that can be adapted to measure multiple properties in different modes of operation. 1 Because of this versatility, much progress remains to be made with yet unexplored modes of operation and applications. With this motivation, we have developed a SPM to be operated in combination with a scanning electron microscope. This integrated SPM platform is and fully accessible to the cathodoluminescence ͑CL͒ optics with which the electron microscope is equipped. Modes of operation include scanning tunneling luminescence, 2 lateral electron transport based on scanning tunneling microscopy, 3 and atomic force microscopy ͑AFM͒.
In this letter, we report on the development of a tappingmode AFM for electroluminescence ͑EL͒ mapping based on this integrated platform and its application to CuGaSe 2 ͑CGS͒ solar cells. The anomalous behavior of grain boundaries in Cu͑In, Ga͒Se 2 ͑CIGS͒ compounds, which is believed to contribute effectively to the photoconversion of solar cells, 4 can be further exploited in realizing low-cost optoelectronic components based on such compounds. 5 In this regard, it is critical to understand the electron transport and recombination upon local current injection-and AFM represents an obvious choice when dealing with micro-and nanostructured semiconductors. As shown on previous, nonlocally resolved measurements of CIGS solar cells, 6 EL is very attractive when studying the recombination of carriers at the junction of the cell. AFM provides the needed spatial resolution to distinguish between grain boundaries and grain interiors.
The laser-fed feedback control commonly used in AFM is not the best alternative for EL mapping because the laser obviously interferes with the detection of the luminescence. Furthermore, the conventional scanning head-which contains the piezoscanner, laser, alignment optics, and split photodiode-makes it very difficult to project an efficient optical system for detecting luminescence in reflection mode, which is best suited for most applications. Pingree et al. have already developed a scheme for the EL mapping in the transmission mode with a conventional AFM, which requires the use of filters to remove the contribution of the deflection laser. 7 We avoid these issues using a self-sensing and -actuating piezoelectric tuning fork ͑TF͒ as a force sensor. Now commercially available, 8 tuning forks are gaining acceptance for specific applications in SPM. TF sensors avoid the detrimental effects and artifacts of photocarriers from the spurious contribution of the deflection laser when measuring capacitance or electrostatic potential in semiconductors. of the cantilever is seen in the electron microscope and positioned in the focal point of the parabolic mirror for maximum collection. The charged-coupled device ͑CCD͒ ͑Roper Scientific Silicon EEV 1340ϫ 400͒ can be set to acquire either the emission pattern or the emission spectrum. Because of the partial eclipsing from the cantilever, the emission pattern shows an annular feature-an indication that photons are emitted in the vicinity of the tip.
The critical component for our application is the design of a force sensor based on a TF capable of stimulating EL. The use of TFs to monitor the cantilever deflection excludes the operation in ͑static͒ contact mode: dynamic operation is intrinsic to tuning forks. An option left to explore is then intermittent contact or tapping mode. Indeed, Fein et al. have demonstrated individually injected current pulses with high reproducibility in tapping-mode AFM using laser feedback control. 10 Intermittent contact is also favorable to the lock-in detection of the injection current. On the other hand, Akiyama et al. have shown a sensor based on a tuning fork for tapping-mode operation. 11, 12 Incorporating these contributions to our instrument, we demonstrate EL mapping with high resolution.
Our force sensor consists of a commercial AFM tip and cantilever attached to a TF. TFs are provided by Ralton ͑model R26: 4.5 mmϫ 970 m ϫ 230 m͒, with a resonance frequency of 32.768 kHz ͑2
15 Hz͒. The AFM tips are from MikroMash ͑CSC21/Ti-Pt-coated silicon͒. One of the triangular cantilevers of the CSC21 series is first detached from the chip and subsequently mounted on one of the tines of the TF with epoxy. A schematic of the sensor is shown in Fig. 1͑b͒ . This configuration corresponds to a normal-force sensor with the oscillation of the tip in a plane perpendicular to the surface under examination. The length of the cantilever L can be adjusted up to 250 m during the mounting process, allowing some degree of freedom in spring constant k: from 0.3 to ϳ 100N / m when the cantilever is mounted fully extended or retracted from the edge of the tine, respectively. A counter mass is added to one of the tines at the end of the mounting process, which, disrupting the symmetry of the TF, reduces the Q factor to practical values between 200 and 1000.
Because the spring constant of the TF ͑with k in the kN/m range͒ is well above that of the cantilever, the oscillation of the tuning fork is amplified at the cantilever. This is critical to operation in the so-called tapping mode. The tuning fork is driven by an oscillating voltage source ͑V TF = 20-100 mV͒ near its resonance frequency r on the lowfrequency side. The interaction between the tip and the specimen causes a reduction of the free oscillation amplitudemonitored by the TF piezoelectric current I TF ͑ r ͒, which is adjusted to a setpoint under feedback control when scanning the tip. The oscillation amplitude of the cantilever can be directly observed in the electron microscope and the amplification factor estimated. For a cantilever with L about 150-200 m, V TF = 50 mV rms of excitation can translate into an oscillation amplitude at the cantilever above 350 nm rms, which is suitable for tapping.
We now investigate solar cells based on CGS using this dedicated AFM. Details of the structure ͑depicted on Fig. 3͒ are reported elsewhere. 13 The electrostatic junction is located near the p-CGS/ n-CdS interface.
14 On top of the n-CdS, the front contact of our standard cells is made of n-ZnO on i-ZnO, with an overall thickness of 210 nm. As a consequence, the microstructure of the underlying CGS is not accessible by AFM. To avoid this, we apply ultrathin i-ZnO front contacts 30 nm in thickness. The final n-ZnO standard to front contacts is missing to avoid excessive current spreading from the tip, which rapidly degrades the resolution of EL maps.
The back contact of the cell is connected to a picoamplifier to measure the collected current and an external bias is applied to the conducting tip. Once the approach is completed and the tip is tapping the front contact, the freeoscillation amplitude and setpoint are adjusted until a current is measured on the back contact. These settings influence the impact speed of the tip and the contact time by cycle, respectively. Figure 2 shows the oscillating piezoelectric current of the TF superimposed to the collected current from the cell as seen on the oscilloscope. Highly reproducible current pulses ͑up to ϳ1 A͒ are observed for each contact cycle. Interestingly, there is a phase lag between the oscillation of the TF and the occurrence of the pulses, which translates into the same phase lag in the mutual oscillations of the tuning fork and the attached silicon cantilever at the driving frequencythe contact cycle and the following current pulse take place at the bottom of the cantilever oscillation. The difference between the spring constants of TF and cantilever explains the observed phase lag.
It follows that EL can be stimulated when the p-CGS/ n-CdS is under forward bias. As proof of principle, Fig. 3 shows a sequence of local L-V characteristics over different locations ͑A -D͒ of the CGS cell. We see that the L-V's resemble those of a diode with a threshold voltage V th above 3 V. These characteristics reveal local variations in both V th ͑between 3.0 and 3.7 V͒ and slope dL / dV ͑in the 10 3 -10 4 cps/ V range͒. No luminescence is observed over D even though a measurable current is collected through the back contact of the cell, suggesting a degradation of the efficiency over this location. Figure 4 shows an AFM image of cell and the corresponding photon map of the luminescence stimulated by injecting current pulses during intermittent contact-͑a͒ and ͑b͒, respectively. Because of the relatively low level of the luminescence when excited locally and to maximize the   FIG. 2 . Output of the oscilloscope when the oscillating current ͑amplitude͒ of the TF is superimposed to the current sensed by the picoamplifier at the back contact of the CGS cell. An external bias of 3.5 V is applied to the tip. We observe a phase lag between the oscillation of the fork and the occurrence of the current pulses.
signal-to-noise ratio of the photon map, a full emission pattern is recorded on the CCD for each pixel on the AFM image. Binning of the CCD readout provides the photon counts at the specific location-and cps when adjusted to the scanning speed.
A negative bias of 3.5 V is applied to the tip, above the threshold voltage determined by the L-V characteristics. Figure 4͑b͒ reveals that EL is stimulated efficiently in fewer than half of the grains in the CGS thin film. In addition, the photon emission-and, consequently, the current-seems to be confined to individual grains upon current injection from the tip, not spreading to adjacent grains. This result agrees with our previous finding of a significant barrier for electron diffusion across grain boundaries in CGS. 3 To probe the cause of the observed degradation in efficiency, we performed cathodoluminescence spectrum imaging 15 on the same area. Figure 4͑c͒ corresponds to the CL emission spectrum from luminescent and nonluminescent CGS grains on the photon map; p1 and p2, respectively. The CL emission spectrum at T = 50 K is very similar to that of EL at room temperature ͑not shown͒, both of which display a deep-level transition at ϳ1.3-1.4 eV in addition to the emission near the band gap. The observed blueshift with the excitation for this transition ͑8 -10 meV/decade͒ suggests the recombination via a donor-acceptor ͑D-A͒ defect band. Because the contribution of D-A to the overall spectrum is higher for nonluminescent grains, we can speculate that these defect complexes are involved in the degradation of the efficiency. Maps of the D-A luminescence obtained by spectrum imaging are inverse to those obtained by EL, further supporting this conjecture. The presence of this deep-level luminescence in the EL emission is also degrading the color purity of the luminescent diode. Getting rid of these defect complexes thus seems to be the best strategy to advance the performance of light-emitting diodes based on CGS.
In conclusion, we have developed an AFM based on tuning-fork sensors for electroluminescence mapping in reflection mode. When applying this method to p-CGS/ n-CdS solar cells, we found a high degree of nonuniformity in EL efficiency and L-V characteristics ͑thresh-old voltage and slope͒. Grain boundaries prevent the current spreading from the grain interior to adjacent grains upon local current injection from the tip. The ability to perform conductive AFM in tapping mode is an attractive alternative to contact mode when the specimen is very sensitive to the force. FIG. 4 . ͑Color online͒ ͑a͒ Tapping-mode AFM image of the p-CGS/ n-CdS thin film with ultrathin ZnO front contacts. ͑b͒ Corresponding electroluminescence map when a forward bias of 3.5 V is applied to the tip. ͑c͒ CL spectrum at locations p1 and p2 on the photon map. T =50 K.
